In the carwash industry, water recycling is necessary to be in accordance with present and upcoming environmental laws. As this is not possible with traditional techniques, membrane processes (like ultrafiltration (UF) and nanofiltration (NF)) are technically and economically evaluated in this study. Concerning the technical part, there needs to be a compromise between a high permeate permeability on the one hand and a high permeate purity on the other hand.
INTRODUCTION
In Belgium, the industry accounts for 60% of the total water consumption, of which 0.3% or 3,082 million litres a year is consumed by the carwash industry. There are three different types of carwashes: roll-overs (in which the washing installation moves over the car), automatic carwashes (in which the car is pulled through the washing installation) and self-carwashes. With a typical capacity of 30,000 cars a year and a typical water consumption of 400 litres a car, the need of water recycling is the most prominent in the automatic carwashes. In some European countries, water recycling is already regulated by law. For example, in Germany and Austria a minimum recycling percentage of 80% is imposed;
in the Netherlands and in the Scandinavian countries a maximum fresh water consumption of 60-70 litre a car is enforced. Also in Belgium, a recycling percentage of 70% will be needed in the future to obtain an environmental license (Huybrechts et al. 2002) .
Nowadays, nearly 15% of the Belgian carwashes already purifies and re-uses 55% of the wastewater by using traditional techniques. The most common technique is a biological treatment, in spite of the many disadvantages. On a busy washing day (with hence high wastewater flows) the residence time in the bioreactor is too short for an efficient purification to take place. In addition, an overdose of surfactants (to efficiently clean the cars) also has a negative influence on the biological treatment. Moreover, these traditional techniques are not satisfactory enough to recycle wastewater in highquality applications (e.g., in the main washing process). doi: 10.2166/wst.2008.236 A possible solution could be the introduction of pressuredriven membrane processes, like for example ultrafiltration (UF) or nanofiltration (NF). In a membrane process, the feed stream (carwash wastewater) is divided into a permeate stream (purified wastewater) and a retentate stream. The difference between UF and NF lies in the size of the pores (around 10 nm and 1 nm, respectively), resulting in higher water permeabilities but lower retentions for the former (Mulder 1996) . The main problem when using membranes is the occurrence of fouling, which results in low permeate fluxes and hence in a higher energy cost and reduced lifetime. Membrane fouling is an interplay between feed composition, membrane characteristics and operating conditions. The former two are interrelated as the composition of the feed determines which membrane characteristics are crucial to prevent fouling (Bellona et al. 2004; Boussu et al. 2007) . Concerning the operation conditions, some of the negative effects of fouling can already be reduced by using a cross-flow setup in combination with a high feed velocity (Hoek et al. 2002) and an optimal cleaning frequency (Ang et al. 2006 ).
Due to the scarce studies on fouling during filtration of carwash wastewater (Panpanit et al. 2000; Karakulski & Morawski, 2003; Boussu et al. 2007b) , the implementation of membrane processes in the wastewater purification installations is limited. This paper focuses on the technical and economical evaluation of membrane processes during filtration of carwash wastewater.
MATERIALS AND METHODS
The effluent of a typical automatic carwash was analysed for COD (NBN T91-201) and for concentration of non-ionic, anionic and cationic surfactants. The concentration of nonionic surfactants in solution was determined by using a twophase titration with sodium tetrakis(4-fluorophenyl)borate (Tsubouchi et al. 1985) . The methylene blue method was used for the analysis of anionic surfactants of the sulfonate type (Clesceri et al. 1989) . Cationic surfactants were determined by using the cuvet test of Hach Lange (Germany).
After the analysis, this wastewater was filtered during 9 hours with four typical membranes, of which the characteristics are summarised in Table 1 . UF was performed with a SEPA filtration cell of Osmonics at a pressure of 3 bar with a membrane surface of 140 cm 2 , while a cross-flow set-up of Amafilter with a membrane surface of 59 cm 2 at a pressure of 8 bar was used for the NF experiments. The fouling degree of the membranes was expressed as a relative flux (i.e. permeate flux/pure water flux). After filtration, the membranes need to be cleaned either by rinsing with water or by chemical cleaning with the alkaline P3-Ultraperm 091 WT product of Henkel. This ensures an extended lifetime.
An investment analysis was performed to evaluate the financial aspects of the use of membrane processes in the carwash industry. Three different methods were used: the payback-period (PP), the net-present-value (NPV) and the internal rate of return (IRR). The PP method is the only method which does not take the time value of money into account.
The PP is defined as the period of time (in years) needed to recover the costs of the investment or, in other words, the number of years needed before which the sum of the net cash flows (net CF), generated by the investment, is equal to the initial investment costs. This period should be as short as possible and should at most be equal to the depreciation period of the installation (which is taken at 7 years).
The NPV of a project corresponds with the sum of the present value of the net CF, after taxation, discounted to an adapted discount rate k and reduced with the initial investment sum (I 0 ), as presented in Equation 1. When the investment sum is not used for the project but invested into the capital market, this sum can increase, e.g. by 10%.
By investing into a project with a similar risk, the investor wants to increase this sum by more than 10%. The discount rate must therefore be estimated on the basis of valid return opportunities on the money and capital market.
The IRR of a project is defined as the discount rate, through which the NPV of the cash flows (originating from the project) is equal to zero. The internal return is hence expressed as a percentage which reflects the yield of the project. The discount rate presently used in industrial installations, is 6%.
In summary, an investment is assumed to be feasible if the payback period is smaller than 7 years, the net present value is larger than e 0 and the internal return is larger than 6%. The degree of fouling also determines the ease of cleaning. NF270 was the only membrane that could be cleaned by only a water rinsing step; for the other membranes an additional alkaline cleaning was required.
RESULTS AND DISCUSSION
After these cleaning steps, a relative flux of 100% was even not obtained for the UF membranes.
These results indicate that the use of the purified wastewater (recycling, discharge) determines which membrane should be selected. If a large water saving is already realised by recycling the wastewater to the wash cycle, the presence of surfactants does not generate a problem which implies that an UF membrane would be the optimal choice.
If, however, pure water is needed in the rinsing step, a hydrophilic NF membrane (e.g., NF270) would be a better selection although the permeate permeability is lower and the applied pressures need to be higher. The standards in Flanders for discharge in the sewer are: COD ,125 mg O2 l 21 and sum of surfactants ,3 ppm.
Financial evaluation
As starting point for the economical analysis, a hypothetical automatic carwash was assumed with a total water consumption of 600 litres a car (335 litres in prewash, 200 litres in main wash cycle and 65 litres in rinsing process), 30,000 cars a year and 285 working days (with 10 working hours) a year. In this carwash (investment of around e 220,000), there was no possibility for water reuse, only a settling tank and an oil separator were installed prior to wastewater disposal. The wastewater purification installation was then extended according to several scenarios; a distinction was also made between the origin of the pure water (ground water versus (cheap or expensive) tap water). The costs and the benefits of each scenario were compared with the costs and the benefits of the carwash without water reuse, a summary of the results is presented in Table 3 .
The first scenario covers the reuse of wastewater in the prewash by installing cyclones in the wastewater purification installation. This leads to a saving of 335 litres a car or 10,050 m 3 water a year (56%); still 7,950 m 3 pure water is required each year.
The second scenario covers the same installation as the first scenario (i.e., cyclones for reuse in prewash), but extended with a biological treatment so that this water of higher quality can be reused in the main wash cycle. This biologically treated water is, however, not yet suited for rinsing, as it still contains suspended solids and limestone.
In the second scenario, a saving of 535 litres a car or 16,050 m 3 water a year is obtained (89%); still 1,950 m 3 pure water is required each year.
The third scenario covers the same installation as the first scenario (i.e., cyclones for reuse in prewash), but extended with an ultrafiltration unit and a biological treatment for the retentate of the membrane process. The water quality of the permeate is very high and can therefore be recycled to both the main wash cycle and the rinsing process (265 litres a car).
Because the membrane unit needs to be dimensioned to a big A ¼ ground water (0.05372 e m 23 for a water consumption between 500 m 3 and 30,000 m 3 ); B ¼ cheap tap water (0.81525 e m 23 for a water consumption above 2,000 m 3 ; 0.78525 e m 23 for a water consumption below 2,000 m 3 ); C ¼ expensive tap water (1.33525 e m 23 for a water consumption below 18,000 m 3 ); discharge tax ¼ number of fouling units (N) x unit price (T) with N ¼ Q x (C 1 þ C 2 þ C 3 ) ¼ m 3 discharged water x (0.017 þ 0.001 þ 0.009) and T ¼ e 28.13.
day (e.g., 315 cars a day instead of 105) and taking into account that 1 m 2 of membrane surface can produce 100 l permeate an hour, around 76 m 2 of membrane surface is needed. This can e.g., be obtained by implementing 14 units of a spiral wound cellulose membrane of Spiracel (one unit (5.5 m 2 ) costs e 740), assuming that the lifetime of the membranes is around 2.5 years. Although theoretically, with this scenario, there is no more need for pure water, there will be some water losses (swept along with the cars, present in the sludge). This amount of water was estimated at 10 litres a car, resulting in a yearly loss of 300 m 3 . In total this scenario results in an actual saving of 17,700 m 3 water a year. Table 3 indicates a decreasing profitability from scenario 1 to scenario 3. Only when using ground water in combination with a biological treatment (scenario 2), the investment is not cost-effective. Table 3 also shows that the profitability increases with the price of the used water (from A to C). However, using ground water instead of cheap tap water seems to be financially more beneficial in scenario 3. This is due to the fact that in this scenario less than 500 m 3 of water needs to be bought, so that the carwash is in this case a small consumer and excused from groundwater charges.
Although the implementation of ultrafiltration in the carwash wastewater purification installation (scenario 3) is the least favourable of the proposed scenarios, this image can change in the future when the legislation about discharging will become more severe and controlled.
CONCLUSIONS
This study indicates that the implementation of membrane processes to recycle wastewater in the carwash industry is (technically and economically) feasible. The choice between UF or NF depends on the desired quality of the purified wastewater. If rather pure water is desired, a hydrophilic nanofiltration membrane with a small MWCO (like e.g. NF270) is the best option. However, the purity of the permeate goes at the expense of a low permeate permeability and a high working pressure.
Investing in membrane processes proves to be financially favourable, especially when using expensive tap water in the carwash. Although at the moment, the implementation of cyclones or a biological treatment is more profitable than the implementation of an ultrafiltration unit, stricter and closer monitored environmental legislation can change this image in the future.
